This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 
y BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 
International Bureau 

(43) International Publication Date 
14 March 2002 (14.03.2002) 




PCT 



111 



(10) International Publication Number 

WO 02/19914 Al 



(51) International Patent Classification 7 : A61B 8/08 

(21) International Application Number: PCT/1L0 1/00794 

(22) International Filing Date: 23 August 2001 (23.08.2001) 



(25) Filing Language: 



(26) Publication Language: 



(30) Priority Data: 
09/654,884 



5 September 2000 (05.09.2000) US 



(71) Applicant and 

(72) Inventor. SHIHADEH, Elias, Edmond [ILflL); 5053/6 
El Meteran Street, 16000 Nazareth (IL). 

(74) Agent: REINHOLD COHN AND PARTNERS; P.O. 
Box 4060, 61040 Tel-Aviv (IL). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 



CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH, 
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, 
LK, LR, LS :, LT, LU, LV t MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, PH, PL, PT, RO, RU, SD, SE, SG, SI, 
SK, SL, TJ, TM, TR, TT, TZ, UA, UG, US, UZ, VN, YU, 
ZA, ZW. 



English (g4) Designated States (regional): ARIPO patent (OH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
English patent (AM, <\Z, BY, KG, KZ, MD, RU, TJ, TM), European 

patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB f GR, IE, 
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, 
CG, CI, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, 
TG). 



Published: 

- - with international search report 

— before the expiration of the time limit for amending the 
claims and to be republished in the event of receipt of 
amendments 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations'* appearing at the begin- 
ning of each regular issue of the PCT Gazette, 



= (54) Title: METHOD AND APPARATUS FOR MEASURING THICKNESS OF A LAYER IN A MULTI-LAYERED OBJECT 



< 

r- 1 

ON 

o\ 




(57) Abstract: A method and device for determining a thickness of a layer in an object. For each of a plurality of frequencies, a 
continuous vibrational wave is generated at a surface of the layer and an energy of a steady state echo wave produced in the object 
in response to the generated vibrational wave is measured. The thickness of the layer is then calculated based upon the measured 
energies of the steady state echoes. 
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METHOD AND APPARATUS FOR MEASURING THICKNESS 
OF A LAYER IN A MULTI-LAYERED OBJECT 



FIELD OF THE INVENTION 

The present invention relates to methods for measuring the thickness of a 
layer in a multi-layered object. 

BACKGROUND OF THE INVENTION 

5 There are several prior art devices for measuring the thickness of a layer in 

multi-layer materials. 

U.S. Patents Nos. 5,974,886 and 5,197,019 disclose a method in which a 
short pulse vibration generated by a transducer is directed to the material. Each 
interface between adjacent layers generates an echo that arrives at a detector 

io transducer at different times. The thickness of a layer is calculated as the time 
difference between the two echoes formed at the two surfaces of the layer 
multiplied by the sound velocity in the layer. However, for thin layers the time 
between the echoes is very small and any error in the time measurement leads to a 
corresponding error in the thickness. In addition, a crystal transducer usually has 

15 several lobes, (a main lobe and side lobes) and the pulse echo of the side lobes will 
be superimposed on the main pulse echoes and will thus add noise to the 
measurement. 

Another method known in the art involves submerging the material in a 
coupler liquid and obtaining the frequency spectrum of the material, for example, 
20 as described in U.S. Patent No. 5351,544. This however cannot be used for in vivo 
measurement since it is impractical to introduce a coupler liquid into the body. U.S. 
Patent No. 5,806,520 discloses a method for determining the thickness of bone, but 
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this method is not accurate for hidden or hard to access tissues, or layers of small 
thickness. 

SUMMARY OF THE INVENTION 

The present invention provides an apparatus and method for measuring the 
5 thickness of hidden or hard to access layers in a multi-layer structure. 

In accordance with the invention, an input vibrational wave is transmitted to 
the surface of the structure by means of a probe. The steady state echo of the input 
wave is the superimposition of a series of echoes formed at the front and back 
surfaces of the layer. The steady state echo is transmitted from the structure to a 
10 detector through the probe that determines the energy of the steady state echo and 
stores it in a memory. The frequency of the generated wave is varied, and the 
energy of the steady state echo at each frequency is determined and stored in the 
memory. As described in detail below, the thickness of the layer is then calculated 
from frequencies at which the intensity of the steady state echo is minimal. The 
15 invention may be used to determine the thickness of a layer in an organism. For 
example, the invention may be used to determine the thickness of a bone. 

The invention allows non-invasive measurement of a layer thickness and 
may therefore be used in medical imaging procedures. The invention may be used 
to measure the thickness of hidden or difficult to access structures, such as bone or 
20 arteriosclerosis in an artery. 

Thus, in its first aspect, the invention provides a method for determining a 
thickness xj of a layer in an object, the method comprising the steps of: 

(a) for each of a plurality of frequencies f u . . ..f k 

(aa) generating a continuous vibrational wave at a surface of the 
25 layer; 

(ab) measuring an energy of a steady state echo wave produced in 
the object in response to the generated vibrational wave; 

(b) calculating the thickness of the layer based upon the measured 
energies of the steady state echo waves. 
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In its second aspect, the invention provides a method a method for detecting 
the thickness of a bone, in an organism the method comprising the steps of: 

(a) for each of a plurality of frequencies ft, . . . .fk 

(aa) generating a continuous vibrational wave at a surface of the 
5 bone; 

(ab) measuring an energy of a steady state echo wave produced in 
the organism in response to the generated vibrational wave; 

(b) calculating the thickness of the bone based upon the measured 
energies of the steady state echo waves. 

10 In its third aspect, die invention provides a device for determining a 

thickness of a layer in an object, the device comprising: 

(a) a transducer configured to generate a plurality of input vibrational wave 
pulses; 

(b) a receiver configured to receive a steady-state echo wave produced by 
15 an input vibrational wave pulse; 

(c) a probe configured to transmit a vibrational wave from the transducer to 
a surface of the bone and to transmit steady-state echo wave from the 
surface to the receiver; 

(d) a processor configured to 

20 (da) determine a frequency of each of the plurality of input vibrational 

waves; 

(db) store in a memory an energy of each of a plurality of steady-state 

echo waves; and 

(dc) calculate the thickness based upon the stored energies of the 
25 steady-state echo waves; and 

(e) a display configured to display the thickness. 

In its fourth aspect, the invention provides a device for determining a 
thickness of a bone in an organism, the device comprising: 

(a) a transducer configured to generate a plurality of input vibrational wave 
30 pulses; 
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(b) a receiver configured to receive a steady-state echo wave produced by 
an input vibrational wave pulse; 

(c) a probe configured to transmit a vibrational wave from the transducer to 
a surface of the bone and to transmit steady-state echo wave from the 

5 surface to the receiver; 

(d) a processor configured to 

(da) determine a frequency of each of the plurality of input vibrational 

waves; 

(db) store in a memory an energy of each of a plurality of steady-state 
10 echo waves; and 

(dc) calculate the thickness based upon the stored energies of the 
steady-state echo waves; and 

(e) a display configured to display the thickness. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 In order to understand the invention and to see how it may be carried out in 

practice, a preferred embodiment will now be described, by way of non-limiting 
example only, with reference to the accompanying drawings, in which: 

Fig. 1 is an apparatus for determining the thickness of a layer in accordance 
with one embodiment of the invention; 

20 Fxg. 2 shows the formation of a steady state echo from a layer in a 

multi-layer structure. 

DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 

Fig. 1 shows an embodiment of the invention in which an ultrasound 
transducer 100 is configured to generate a vibrational wave pulses of variable 
25 frequencies in a long flexible probe 105. The probe 105 is preferably made from a 
material having a high acoustic impedance (Zm) such as metal. The probe 105 may 
also have a coating having a low acoustic coefficient (not shown). Distal end 110 of 
the probe 105 is conSgured to be applied onto a surface 135 of a multi-layer 
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structure 115. The distal end 110 of the probe 105 is widened in order to increase 
the area of the contact between the distal end U0 of the probe 105. 

The structure 115 consists of two or more layers, of which two, 120 and 125, 
are shown in Fig. 1. The layers 120 and 125 are in contact with each olher at an 

5 interface 130. The layers 120 and 125 have unknown thicknesses Xi and X2, 
respectively, as indicated by arrows 140 and 145. The speed of sound in each of the 
layers 120 and 125, Ci and C2, respectively, are known and the acoustic impedance 
of each of the layers 120 and 125, Zi and Z2, respectively are known to satisfy the 
relation Zin>Zi>Z 2 . 

10 A processor 150 causes the transducer 100 to generate a series of vibrational 

probe waves of increasing frequency. At each frequency the ultrasound 
transducer 100 generates an input vibrational wave in probe 105. The frequency of 
the wave is deteamined by a processor 155. The probe 105 transmits the wave to the 
surface 135. Fig. 2 shows an enlargement of the distal end 110 of the probe 105. An 

15 input wave 200 of a particular frequency arrives at the surface 135. At surface 135 
some of the energy of the wave 200 is reflected from the surface 135 back into the 
probe 105, to form a first echo wave 205. Hie part of wave 200 transmitted into the 
layer 120, wave 210, continues through layer 120 until it reaches the interface 130. 
At the interface 130 some of the wave energy is reflected back from the interface 

20 130 (wave 215), while some of the wave energy is transmitted into layer 125 (wave 
220). The reflected wave 215 from the interface 130 travels back to surface 135 
where part of the energy of the wave 215 is transmitted back into the probe 105 to 
form a second echo wave 225, and part of the energy is reflected back to the 
interface 130 (wave 230). 

25 The wave 230 has the same fate as the wave 210, thus generating a third 

echo wave (not shown). Ultimately, a decaying sequence of echo waves is 
generated, the first and second of which are the waves 205 and 225. The 
steady-state echo wave 235 is the superimposition of all of the echo waves in the 
sequence. The steady-state echo wave is transmitted back along the probe 105 to a 
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receiver 150 shown in Fig. l.The receiver 150 produces a signal 165 indicative of 
the energy of the steady-state echo that is input to the processor 155 which stores 
the energy in a memory 170. The processor 155 causes the transducer to generate a 
series of vibrational wave pulses of increasing frequency, the energy of the 

5 steady-state echo wave is stored in the memory 170. The frequency range of the 
frequency increment between consecutive frequencies can be input by a user by 
means of a keyboard 160. 

It is known that the steady- state power transmission coefficient, at, from the 
probe 105 through the layer Xi and into the layer x 2 depends upon the frequency f 

10 of the input wave according to the equation: 



(see for example Kinsler, L.E. and Frey, A.R. Fundamentals of Acoustics, John 
is Wiley & and Sons, 1950, p. 138, Equation 6.36) 



a, = 



(Z 2 + Z.) 2 cos 



2 2^ 




(1) 



In the case that L \ 




■)Z Z+ Z i 



in 



at has maxima occurring at frequencies f n at which 




(2) 



20 



from which it follows that 



(2»-l)c 
4x, 



(3) 



and 
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_ (2B-.1)C 

~4/T (4) 



In this case, the thickness Xi of the layer 120 is calculated by the 
processor 155 as follows. The processor 155 searches tor a predetermined number 
5 of consecutive fiequencies f n , fn+i ... fr^at -which the energy of the steady-state 
echo has consecutive local nrinima corresponding to frequencies where at has a 
local maximum. 

The processor then calculates the ratio of the consecutive pairs of minimal 

fn f i+l fn+k-l 

frequencies r , f , ... r and then finds n by solving the 
Jn+l Jn+2 Jn+k 

10 over-dettamined system of equations: 

fn _ 2»-l 



fm 2(«+l)-l 

/„ + l _ 2(«-fl)-l 

/ B+2 2(«+2)-l 



15 



/- = 2Qi+ib)-l 
20 2(«+*+l)-l 



The processor then calculates Xi from equation 4. The results of the 
calculation are displayed on a display 175. 



In the case that %z )^i + ' 
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at has maxima occurring at frequencies f n at which 



2?rf 

— —x^-nn for w = 0,±l,±2,... (20 
c 



5 from which it follows that 



r nc 



and 

nc 



(40 



10 In this case, the thickness Xi of the layer 120 is calculated by the processor 

155 as follows. The processor 155 searches for a predetermined number of 
consecutive frequencies f n , fn+i fn* at which the energy of the steady-state echo 
has consecutive local minima corresponding to frequencies where cu has a local 
maximum. 

15 The processor then calculates the ratio of the consecutive pairs of minimal 

f f f 

Jn J n+\ j tt+fc-1 

frequencies f , r , ... f and then finds n by solving the 

J n+l J n+2 J n+k 

over-determined system of equations: 



20 



fn+2 » + 2 
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5 



Jn±k _ n + k 
f»*M n + k+1 



The processor then calculates Xi from equation 4'. The results of the 
calculation are displayed on a display 175. 

EXAMPLE 

10 An initial frequency of the input wave 200 of fo=0.285 MHz may be used, 

and the frequency varied with a frequency increment of 0.056 MHz. If it is found 
that three consecutive minima of the steady-state echo wave occur at frequencies of 
1 f„ = 0.31 MHz, fat! = 0.366 MHz, fa 2 = 0.421 MHz, then the calculated ratios 
are: 



f»+2 = 0.421 
/ B+1 0.366 



= 1.1502 



From these ratios the best fit is nj = 6. Using Equation (2), (with ci = 
3.36X10 m/sec.) the thickness Xi is calculated to be 2.98 mm. 
20 If it is found that three consecutive niinims of the steady-state echo wave 

occur at frequencies of f n = 4.69412 MHz,, fa 2 = 5.1882 MHz and fn+ 2 = 5.682 
MHz. 

Then the calculated ratios are 

f(2(tfl + l)-l)} f 5>1882 

-1.1052, and =1.1052 
/„ 4.69412 



25 



t (2(M-1) j 
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The value of ni that best fits is m = 10, and Xi is calculated to be 034 mm. 
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CLAIMS: 

1. A method for determining a thickness xi of a layer in an object, the method 
comprising the steps of: 

(a) for each of a plurality of frequencies fi , , . . .ft 

5 (aa) generating a continuous vibrational wave at a surface of the 

layer; 

(ab) measuring an energy of a steady state echo wave produced in 
the object in response to the generated vibrational wave; 

(b) calculating the thickness of the layer based upon the measured energies 
10 of the steady state echo waves. 

2. The method of Claim 1, further comprising a step of determining two or 

more frequencies f n i, fn2, f n j among the ft... ft at which the energy of the steady 

state echo wave has a local minimum, 

3. The method of Claim 2, wherein the thickness is calculated based upon f n \ 9 

15 fii2...fn3. 

4. The method of Claim 3, wherein the number of frequencies at which the 

. energy of the steady-state echo has a local minimum between f n i, and fo+i is a 
constant m for all 1 between 1 and j-1. 
5- The method according to Claim 4, wherein m is zero. 
20 6. The method of Claim 4, wherein the thickness of the layer is calculated 

based upon the ratios f 9 f f 

1. The method of Claim 6, wherein calculation of the thickness involves 
solving the over determined system of equations for ni 

f n2 _ 2(n } +m + l)-l 
fm 2^-1 

25 
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f n3 _ 2(r h + 2m + l)-l 
f„ 2 2(«,+m + l)-l 



U _ 2(n 1 +Q'-l)m)-l 
5 /*-, 2(n 1+ (y-2)m + l)-l 

. 8. The method of Claim 7, wherein the thickness xi is calculated according to 
the algorithmic expression: 

_ (2«,-l) c 

10 where c is a speed of the waves in the layer. 

9. The method of Claim 6, wherein calculation of the thickness involves 
solving the over determined system of equations for ni 

/»2 ^ ^1 +771+1 



l5 /*3_ "i+2m + l 

fm rii+rn + l 



(jj _ n \ + C/-l)m + l 
/^i"«i+0"-2)w + l 

20 

10. The method of Claim 9, wherein the thickness xi is calculated according to 
the algorithmic expression: 
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where c is a speed of the waves in the layer. 

11. A method for detecting the thickness of a bone, in an organism the method 
comprising the steps of: 

(a) for each of a plurality of frequencies fi , . . . .fk 

5 (aa) generating a continuous vibrational wave at a surface of the 

bone; 

(ab) measuring an energy of a steady state echo wave produced in 
the organism in response to the generated vibrational wave; 

(b) calculating the thickness of the bone based upon the measured energies 
10 of the steady state echo waves. 

12. A device for determining a thickness of a layer in an object, the device 
comprising: 

(a) a transducer configured to generate a plurality of input vibrational wave 
pulses; 

15 (b) a receiver configured to receive a steady-state echo wave produced by 
an input vibrational wave pulse; 

(c) a probe configured to transmit a vibrational wave from the transducer to 
a surface of the layer and to transmit steady-state echo wave from the 
surface to the receiver; 

20 (d) a processor configured to 

(da) determine a frequency of each of the plurality of input vibrational 

waves; 

(db) store in a memory an energy of each of a plurality of steady- state 

echo waves; and 

25 (dc) calculate the thickness based upon the stored energies of the 

steady-state echo waves; and 
(e) a display configured to display the thickness. 

13. The device according to Claim 12, wherein the probe has an acoustic 
impedance Zin satisfying Z^ > Zi, wherein Zi is an acoustic impedance of the layer. 
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14. The device according to Claim 13, wherein Z m further satisfies 

Z Z. 

Z \ + „ m ) Z 2 Z tn, wherein Z2 is the acoustic impedance of a region of the object 



juxtaposed to the layer. 

15. The device according to Claim 13, wherein Z* further satisfies 

2 z 

5 Z 2 + Z m) z \ + ' ~ , wherein Z2 is die acoustic impedance of a region of the 
object juxtaposed to the layer. 

16. A device for determining a thickness of a bone in an organism, the device 
comprising: 

(a) a transducer configured to generate a plurality of input vibrational wave 
10 pulses; 

(b) a receiver configured to receive a steady-state echo wave produced by 
an input vibrational wave pulse; 

(c) a probe configured to transmit a vibrational wave from the transducer to 
a surface of the bone and to transmit steady-state echo wave from the 

is surface to the receiver, 

(d) a processor configured to 

(da) determine a frequency of each of the plurality of input vibrational 

waves; 

(db) store in a memory an energy of each of a plurality of steady-state 
20 echo waves; and 

(dc) calculate the thickness based upon the stored energies of the 
steady-state echo waves; and 

(e) a display configured to display the thickness. 
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